Breast cancer cell lines express fewer transmembrane and secreted glycoproteins than nonmalignant ones. The objective of these experiments was to characterize the changes in the expression of several hundred glycoproteins quantitatively. Secreted and cell-surface glycoproteins were isolated using a glycoprotein capture protocol and then identified by tandem mass spectrometry. Glycoproteins expressed by a group of cell lines originating from malignant tumors of the breast were compared with those expressed by a nonmalignant set. The average number of spectral counts ( proportional to relative protein abundance) and the total number of glycopeptides in the malignant samples were reduced to about two-thirds of the level in the nonmalignant samples. Most glycoproteins were expressed at a different level in the malignant samples, with nearly as many increasing as decreasing. The glycoproteins with reduced expression accounted for a larger change in spectral counts, and hence for the net loss of spectral counts in the malignant lines. Similar results were found when the glycoproteins were studied via identified glycosylation sites only, or through identified sites together with non-glycopeptides. The overall reduction is largely due to the loss of integrins, laminins and other proteins that form or interact with the basement membrane.
Introduction
Biomarkers detectable in the blood would be very desirable for the purposes of diagnosing cancer, evaluating prognosis or for predicting the response to drugs, yet at present these markers are mainly used for the less demanding task of monitoring for recurrence after cancer has already been diagnosed. Glycosylated proteins that are either secreted or shed from carcinoma cells may be detectable in the blood, and are potential biomarkers. Most cancer serum biomarkers that are in clinical use are glycoproteins, including CA125 (ovarian cancer), prostate-specific antigen and carcinoembryonic antigen. The rate of approval of new biomarkers for clinical use by the US Food and Drug Administration is low, and in fact fell between 1994 and 2005 (Ludwig and Weinstein 2005) . In an effort to identify a large pool of candidate biomarkers for breast cancer, Yen et al. (2012) isolated 486 N-linked cell-surface and secreted glycoproteins from a set of 14 breast cell lines. The experimental approach used a glycoprotein capture method employing hydrazide chemistry and mass spectrometry (MS) for peptide identification (Zhang et al. 2003; Wollscheid et al. 2009 ). The dataset included glycoproteins that are expressed differentially in cell lines of nonmalignant vs malignant origin, or of basal (myoepithelial) vs luminal origin. That dataset has been expanded subsequently to include a total of 19 cell lines. There is a quantitative difference in total glycoprotein expression found between nonmalignant and malignant lines, with malignant lines having, on average, lower levels, as described below. This observation is new. Detecting the difference in glycoprotein expression requires a systems approach in which the expression of large numbers of proteins may be measured using MS, using a fairly homogeneous source of protein such as cell lines rather than tissue samples, and having a dataset with a significant number of both nonmalignant and malignant samples.
The observation of reduced glycoprotein expression in malignant cell lines may enhance our understanding of the transition from the nonmalignant to the malignant phenotype. In the transition to a malignant state, the adherent, tight and gap junctions between the normal cells of an epithelium are weakened or lost (Martin and Jiang 2009; Paredes et al. 2012) . Epithelial cells may change their morphologies and patterns of gene expression to resemble those of mesenchymal cells, thereby acquiring the ability to migrate (Thiery 2002) . Extracellular proteases become active, allowing the stroma to be remodeled to accommodate the expanding tumor (Lu et al. 2011) . For metastasis to occur, the carcinoma cells must be able to intravasate, extravasate and finally to form a viable colony in a tissue different from breast epithelium (Weinberg 2007) . Many of these cellular processes depend on secreted proteins, or on proteins with extracellular domains, most of which are glycoproteins. Thus, an overall loss of glycoproteins could contribute to the transition from the nonmalignant to the malignant condition by reducing the abundance of many proteins necessary for a cell to maintain its normal functions and its normal relations with its epithelial neighbors. The experiments to be described here make a quantitative comparison of N-linked glycoproteins between the nonmalignant and malignant breast cell lines. The comparison is made at the level of entire samples, at the level of glycoproteins and finally at the level of individual sites for N-linked glycosylation.
Results
The results described here are from a study designed to compare the cell-surface and secreted glycoprotein profiles of normal breast epithelial cells or benign tumors with those of malignant tumors, resulting in datasets for glycoproteins (Supplementary data, Table SI ) and N-linked glycosylation sites (Supplementary data, Table SII ). In the first step of the protocol, the glycans covalently attached to proteins of intact cultured cells were oxidized with periodate; hence, the proteins identified are either secreted or have glycosylated extracellular domains ( Figure 1 ). Following lysis of the cells with a nonionic detergent, the oxidized glycans were coupled to hydrazideconjugated magnetic beads for further processing. The bound proteins were digested with trypsin, and the unbound tryptic peptides (non-glycopeptides) were collected for shotgun proteomics analysis. A series of one-dimensional liquid chromatography (1D-LC) coupled with gas-phase fractionations and two-dimensional liquid chromatography electrospray ionization/tandem mass spectrometry (ESI/MS/MS) analyses were used to obtain spectra for the tryptic peptides, and the spectra compared with databases for protein identification. The peptides covalently coupled to beads were then released by digestion with peptide N-glycosidase F (PNGase F) treatment and analyzed by a series of 1D-LC ESI/MS/MS runs. Digestion with PNGase F resulted in an increase of the mass of the N-linked glycopeptide by 1 Da, converting asparagine to aspartate at that N-linked site and providing evidence that the asparagines in the peptides were in fact glycosylated. In this report, glycopeptide refers to the peptides released by PNGase F. Glycoproteins are identified both by glycopeptides and by tryptic peptides from the glycoprotein (McDonald et al. 2009 ). The proteins in this dataset are all annotated as glycoproteins in the UniProt database. For both the glycoprotein and glycopeptide datasets, proteins with fewer than 10 spectral counts summed over all cell lines were dropped from consideration. Since the earlier publication (Yen et al. 2012) , glycoprotein datasets have been obtained for additional nonmalignant and malignant cell lines, resulting in glycoprotein and N-linked glycopeptide datasets for 19 cell types (Table I ). The datasets include identifications, N-linked site locations and spectral counts for each glycopeptide and glycoprotein. Spectral counts provide a reliable means for quantitative comparison of the relative expression levels of the same glycoprotein across multiple cell samples (Old et al. 2005; Zhang et al. 2006; Zhu et al. 2010) .
The initial observation was that the total number of spectral counts for glycoproteins in malignant cell lines was usually lower than in nonmalignant lines (Figure 2A ). The average number of spectral counts in the malignant lines was 67% that in nonmalignant lines, with a statistically significant difference in means (P < 5 × 10 −5 , two-tailed t-test). There was also an increased spread in the distribution of spectral counts in malignant lines. There was no significant difference between nonmalignant and malignant sample protein concentrations before glycoprotein selection (1.38 vs 1.49 µg/mL, P = 0.75, two-tailed t-test). The information on origin is from Neve et al. (2006) . b Forozan et al. (1999) .
Glycoprotein expression in breast cell lines
Glycoproteins Do all glycoproteins in the malignant samples experience a reduction in spectral counts of about one-third, or does the size of the effect vary among different glycoproteins? Although the total spectral counts differed between the nonmalignant and malignant cell lines, the number of glycoproteins identified was similar ( Figure 2B ). All the glycoproteins in this study had a total of at least 10 spectral counts when summed over all cell lines. About the same number of glycoproteins satisfied this condition in both malignant and nonmalignant cell lines. Hence, the reduction in total spectral counts is not due to the complete loss of expression of a significant number of glycoproteins by the malignant lines. Differences in expression at the level of individual glycoproteins were examined by calculating the difference in means, m m − m nm , where m m is the average of spectral counts in the 13 malignant cell lines and m nm is the average in the six nonmalignant lines. The distribution of differences for the 462 glycoproteins shows a peak close to zero, but also a very large range ( Figure 3A) . The largest change, a loss of over 500 spectral counts, occurred for aminopeptidase N cluster of differentiation (CD13). A two-sample t statistic, t GP , expresses the difference in spectral counts as a unitless multiple of the standard error of the difference between means. The distribution of the 462 t GP 's shows two peaks, one (at t GP = 1.31) corresponding to glycoproteins with more spectral counts in the malignant samples than in the nonmalignant ones, and the other peak (t GP = −1.48) of glycoproteins with fewer spectral counts in the malignant lines ( Figure 3B ). The distribution can be fit with the sum of two normal distributions with similar areas ( Figure 3B , smooth curve). At both the high and the low ends of the distribution, there are more glycoproteins than expected from the fitted curve, suggesting the presence of more than two normal components. In particular, there are several glycoproteins with t GP < −4, which are expressed at a much lower level in malignant than in nonmalignant cell lines. Tables II and III list the top and bottom dozen glycoproteins, sorted by the difference in spectral counts between malignant and nonmalignant samples and by t GP . The number of glycoproteins for which t GP < 0, 225, is nearly the same as those for which t GP > 0, 237. Nevertheless, the change in spectral counts is greater for the glycoproteins with reduced expression. For glycoproteins with t GP < 0, the total difference in spectral count means is −4835, whereas for glycoproteins with t GP > 0 the difference is 1595. To summarize, in the malignant cell lines, the spectral counts decrease in about half of the glycoproteins, while they increase in the remainder. The population of glycoproteins that has lower spectral counts in the malignant lines includes many cases in which the reductions are quantitatively large, so that there is a net loss of spectral counts in the malignant samples.
The changes in individual protein levels are also apparent in experiments using a different technique, western blot ( Figure 4 ). Basal cell adhesion molecule is expressed at a higher level, on average, in malignant samples, as illustrated in the first row of the figure with human mammary epithelial cell (HMEC) (non-tumor cells), and SUM185 or HCC1954 (from malignant tumors). Spectral counts from MS are provided beneath the protein bands for comparison. The lower three rows are from proteins expressed at lower levels in malignant samples. Two of the glycoproteins shown, basal cell adhesion molecule and CD29, are among the glycoproteins with the largest changes in mean expression levels as listed in Table II . In general, there is good agreement between results using MS and western blot.
Glycosylation sites N-linked glycosylation sites were identified based on the presence of the consensus sequence NXS/T, where X is any amino acid other than proline, and the asparagine residue within the consensus was converted to aspartate following PNGase F-catalyzed release of the peptide from the hydrazide resin. Is there a decrease in the frequency of glycosylation of N-linked sites in the malignant cell lines? The dataset (Supplementary data, Table SII) contains 1037 N-linked glycosylation sites among 313 glycoproteins. The number of glycoproteins in this dataset is fewer than the 462 in the glycoprotein data because fewer glycoproteins meet the minimum threshold of 10 spectra when only N-linked glycosylation sites are counted. The average number of glycosylation sites is 3.3 per glycoprotein. The frequency distribution of the number of N-linked glycosylation sites per glycoprotein is approximately exponential, with a range of 1-27 sites ( Figure 5A ). Sixty-three glycoproteins had a single site. The protein with 27 glycosylation sites is prolow-density lipoprotein receptor-related protein 1 (Q07954).
Differences between the nonmalignant and malignant samples were also observed in the glycosylation site data. The total number of glycosylation sites identified was reduced, with the malignant lines having 64% of sites identified in the nonmalignant lines ( Figure 5B ). The glycoproteins in this dataset met the criterion of at least 10 spectral counts in total, but some individual glycosites had very few spectral counts in the nonmalignant samples and fell to zero in the malignant group. There were also sites with the reverse pattern, but the net result was a loss of glycosites in the malignant cell lines.
A statistic t GS was calculated as before to estimate the difference between nonmalignant and malignant samples at the level of individual sites. The frequency distribution shows two peaks, one corresponding to glycosylation sites that were detected more often in the malignant samples (mean = 1.07) and another for sites detected less often (mean = −1.54) ( Figure 5C ). As with the glycoprotein data ( Figure 3B ), the two components are very well fit by normal distributions, and in The data collected from the breast cell lines also provide the opportunity to compare the levels of glycosylation at different N-linked sites within a glycoprotein. Scatterplots were constructed in which the points correspond to the different N-linked glycosylation sites of a given glycoprotein, with the measurements being the average of the spectral counts in the nonmalignant or malignant samples for that site. The detection of glycosylation sites within individual glycoproteins varied substantially. Glycosylation sites detected at a low frequency in the nonmalignant lines were also detected at a low frequency in the malignant lines, and similarly for high frequency sites. These scatterplots ( Figure 6A and B) were usually linear, as expected if the likelihood of glycosylation occurring, or appearing in the data, is controlled by the protein structure or by the efficiency of detection by MS, rather than by altered glycosylation in malignant cells. The variability in detection probability may result from a preference for the transfer of glycans to some asparagine residues, which has been attributed to the accessibility of the asparagine within each consensus sequence (Zielinska et al. 2010; Thaysen-Andersen & Packer 2012) . The slopes of the lines will change if the abundance of the glycoprotein differs between the nonmalignant and malignant samples. For example, the slope of the regression line is 2.3 for lysosomal α-glucosidase ( Figure 6A ). This value is in reasonable agreement with 2.9, the ratio of total counts (malignant/nonmalignant) for lysosomal α-glucosidase in the glycoprotein data. For α-3 integrin, the slope of the regression line is 0.17, compared with 0.19 in the glycoprotein data. Generally, there is a positive relationship between the ratio of malignant to nonmalignant spectral counts in the glycoprotein data and the slope of the corresponding regression lines in the glycosylation site data ( Figure 6C ). To summarize, the glycosite data are consistent with the presence of two main populations of glycoproteins, one whose abundance increases and another that decreases, in the malignant cell lines compared with nonmalignant.
Transcription and gene dosage Do changes in messenger RNA levels explain the observed differences in glycoprotein spectral counts between nonmalignant and malignant breast cell lines? Heiser et al. (2012) have analyzed mRNA expression in 55 breast cancer cell lines, 14 of which are included in the glycoprotein dataset described here, with 434 common genes/glycoproteins. The total fluorescence intensity of the 434 mRNAs does not differ between nonmalignant and malignant lines ( Figure 7A ), in contrast to the drop in total glycoprotein spectral counts (Figure 2A) . t RNA statistics for the differences between the nonmalignant and malignant lines were calculated in the same manner as for glycoproteins. The distribution of these statistics has one mode, and a tail showing an excess of extreme negative values compared with positive ones ( Figure 7B ). There is no evidence for two peaks, as seen for the glycoprotein data; in this respect, the protein data contain more information than the mRNA data. A scatterplot of t GP vs t RNA shows that there is an approximately linear association between the two variables ( Figure 7C ). Simple linear regression gives a slope of 0.66, which differs from 0 with a P-value of ( 0:01. However, the value for r 2 , 0.34, is low, meaning that the difference in gene expression between malignant and nonmalignant lines is a poor predictor of glycoprotein levels. For any change in mRNA, the change in the expression of the corresponding protein may occur over a wide range, and may be either positive or negative. If the data are viewed as categorical variables which simply count whether the RNA/glycoprotein increases or decreases, the relation between mRNA and glycoprotein changes can be summarized as in Table IV . While the glycoproteins and mRNA often vary in the same direction, they differ for 127 genes/proteins. The mRNA and spectral count data are most likely to be discordant when the differences of means are small, and noise overwhelms signal in the measurements. Heiser et al. (2012) also provide comparative genomic hybridization (CGH) data for many breast cancer cell lines. A similar comparison of t CGH and t GP displays no association. This result is very similar to that reported by Geiger et al. (2010) . For the single case of human epidermal growth factor receptor 2, which is overexpressed in three of the cell lines and for which the gene has been copied at high multiplicity, there is a positive association between gene dosage and protein expression. However, gene dosage makes little contribution to the changes in glycoprotein expression for most of these glycoproteins.
Discussion
These experiments demonstrate that the cell lines derived from malignant tumors have a significantly lower level of expression of cell-surface and secreted proteins than those derived from nonmalignant tissues. To our knowledge, this observation is novel. The underlying pattern of change in glycoprotein expression is more complex than a simple reduction in glycoprotein abundance, however. The distribution of t statistics shows some regularity in the data, in the form of two major peaks, suggesting a straightforward interpretation: While many glycoproteins are expressed at lower levels in the malignant samples, a large number are also expressed at higher levels. Some of the proteins with reduced expression in the malignant group have undergone a large reduction in spectral counts, accounting for the net reduction. A similar pattern is apparent in the data from glyco- Glycoprotein expression in breast cell lines sylation sites. The distributions of t statistics also suggest that there may be small subpopulations of glycoproteins and glycosites that undergo more extreme changes in expression.
Interpretation of changes in spectral counts
The detection of fewer spectral counts in the malignant samples raises the possibility that a reduction in glycosylation or an alteration in the glycan structure explains these results. There are, however, several reasons to expect that the observed changes are due to alterations in the abundance of glycoproteins, rather than changes in glycosylation. First, the hypothesis of reduced glycosylation does not account for the increase in spectral counts observed for many glycoproteins. Secondly, based on the knowledge base of possible glycoprotein glycan structures in mammalian cells, the oxidation and coupling reactions will likely lead to the capture of any glycoprotein, regardless of the structural details of its glycans (Spiro 2002; Varki et al. 2009 ). Finally, suppose that reduced glycosylation occurs without altering protein synthesis or membrane trafficking. The resulting proteins, either lacking N-linked carbohydrates or with fewer than the normal number of sites glycosylated, would be subject to increased degradation by extracellular proteases, have shorter average lifetimes and hence be present at reduced abundances. The alternative view that glycoprotein expression can either increase or decrease in the transition to malignancy readily explains the glycoprotein data.
Other studies
There are a number of other proteomics studies of the breast cancer cell lines, but most consider only lines from malignant tumors, or cover many fewer cell lines than described here (Kulasingam and Diamandis 2007; Leth-Larsen et al. 2009; Whelan et al. 2009; Bateman et al. 2010; Drake et al. 2012; Geiger et al. 2012 ). An exception is a study by Boersema et al. (2013) , who quantified the N-linked glycoproteins found in conditioned medium from four nonmalignant and seven malignant breast cancer cell lines. Boersema et al. (2013) used stable isotope labeling with amino acids in culture (SILAC) for relative quantitation; hence, their data cannot be compared directly with our spectral counts. However, the signs of expression-level differences can be assessed in the two studies. The overlap of Boersema et al.'s data (Supplemental Table IVB) with that presented here consists of 240 glycoproteins. Of those, 158 varied in the same direction, with 90 at lower levels in the malignant group in both datasets (Table V) . This result has low probability by chance under the null hypothesis of independence (P < 10 −6 , Fisher's exact test).
Both the glycoprotein and the glycosylation site data from our study show a small number of proteins or sites that have t < −4, corresponding to very large reductions in expression. The proteins that experience the greatest decrease in expression include several that have previously been associated with carcinogenesis. Among these are the integrins, with decreases observed for the α2, α3, α5, α6, αV, β1, β4 and β6 integrins (two others, the β3 and β5 integrins, increased). Integrins bind The mRNA data are from Heiser et al. (2012) . The total number of genes/ proteins is 434 rather than 462 due to missing values in the RNA data. Table 4 of Boersema et al. (2013) were transformed by the inverse log. The values from the nonmalignant cell lines were averaged for each glycoprotein, and similarly for malignant lines; these averages were compared.
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various proteins of the extracellular matrix (ECM), including collagens, laminins, fibronectin, vitronectin, fibrinogen and thrombospondin. Six laminins (α3, α5, β1, β3, γ1 and γ2) were detected, all at lower expression levels in the malignant samples. Several other membrane proteins that interact with integrins or ECM components, CD44, CD63, CD111 and CD151, were also among the glycoproteins with large declines in expression in malignant cells (Tables II and III) . CD44, a marker for breast cancer stem cells, binds collagen, laminin, fibronectin and hyaluronan. CD63 glycoprotein is a tetraspanin that is associated with tumor progression and that forms complexes with integrins. CD151 is another tetraspanin that is required for normal basement membrane formation. CD111 (Nectin-1, Poliovirus receptor-related protein) is a component of adherens junctions that also interacts with integrins. The reduced expression of many integrins, laminins and proteins connected to them is consistent with weaker interactions with the ECM and basement membrane, suggesting that the change in expression either reflects the transition to malignancy or contributes to causing it.
Relation to known cancer signaling pathways
The results described here demonstrate that many glycoproteins have altered expression levels in the malignant compared with the nonmalignant cells. Can these changes be understood as examples of known carcinoma cell biology or signaling pathways? Some individual changes in protein expression are in the direction expected for cells undergoing the transition from an epithelial to a mesenchymal-like state. For example, E-cadherin levels are lower in the malignant samples, whereas N-cadherin levels are higher. Evdokimova et al. (2009) showed that overexpression of Y-box binding protein-1 (YB-1) in the breast cancer cell line MCF10AT induces an epithelial-mesenchymal transition (EMT). Their Table S1 provides the fold change in mRNA level observed in cells overexpressing YB-1; 47 of these genes correspond to glycoproteins present in the current dataset.
Comparing the direction of mRNA or protein change in the two datasets, however, did not show a distribution that differed significantly from the one expected by chance. Hence, the changes in protein expression are not the ones expected for an EMT, or at least as caused by YB-1 overexpression. Estrogens and retinoic acid both regulate gene expression in breast epithelial cells. Hua et al. (2009) compared the genomic targets of retinoic acid receptors and of α-estrogen receptors in a breast cancer cell line, MCF7, and also examined the effects of retinoids on gene expression in those cells. Comparing the mRNA and glycoprotein results for the 86 shared mRNA/proteins, mRNA and glycoproteins changed in the same direction significantly more often than expected by chance (Table VI) (P < 0.01, Fisher's exact test). Many of the genes for these 86 glycoproteins have receptors for retinoic acid and/or estrogens in their neighborhoods (Supplemental Table 6 in Hua et al. 2009 ). Hence, it is possible that at least some of the observed differences in glycoprotein expression between nonmalignant and malignant cells are due to signaling by the retinoid pathway. If so, the direction of this effect is unexpected, given that retinoic acid has antiproliferative effects on tumor cells. The actions of retinoic acid and possibly estrogens on glycoprotein expression, and the consequent changes in epithelial cell function, remain to be explored.
In conclusion, there are numerous reports of individual glycoproteins changing expression levels in malignant compared with nonmalignant cells or tissues. According to the results described here, in breast cancer cell lines these changes can be understood as examples of a systemic pattern of altered glycoprotein expression, in which many of the proteins decline in abundance, but many also increase. The pattern is simple, dominated by two main sets of responses, as seen in the distributions of t statistics. Those glycoproteins that decline the most include laminins, integrins and other glycoproteins that interact with the basement membrane or ECM. The reduced expression of these proteins may contribute to malignancy. These proteins with very low t values appear to be part of a component of the distribution of t values that is distinct from the two larger ones, raising the possibility that their expression is controlled differently than the majority of other glycoproteins. The reduction of cell-surface glycoproteins in the malignant samples, with no detectable reduction in total protein, indicates that perhaps the functioning of the endoplasmic reticulum and Golgi apparatus is altered in the malignant samples. If so, the effect is not a simple loss of function, as roughly half the glycoproteins display an increase rather than a decrease in expression.
Materials and methods

Mass spectrometry
The spectral count data were obtained as described in detail by Yen et al. (2012) , but have been extended with data from a second human mammary epithelial cell (HMEC) culture and the established breast cancer cell lines MCF10AT, MCF10CA1, Hs578 T and HCC70 (Table I; data in Supplemental data,  Tables SI and SII) . The set of six nonmalignant lines comprises two HMEC cultures (from different reduction mammoplasty patients, Cell Applications, Inc.; mammary epithelial cell growth medium), MCF12A, MCF10A, MCF10AT (1:1 DMEM, Ham's F-12 supplemented with 5% New Zealand horse serum, 10 µg/ mL insulin, 20 ng/mL epithelial growth factor, 0.5 µg/mL hydroxycortisone, 0.1 mg/mL cholera toxin) and MCF10CA1 (1:1 DMEM, Ham's F-12, 5% New Zealand horse serum, 100 U Penstrep). The MCF 10AT and MCF10CA1 cell lines were provided by Dr. Jose Lopez, Department of Surgery, University of California San Francisco. The MCF10A and MCF12A cell lines came originally from fibrocystic (nonmalignant) growths. The MCF10CA1 line is malignant as a xenograft in immunosuppressed mice; with respect to total spectral counts, it is similar to the other nonmalignant lines that it was derived from and is grouped with them here. The remaining 13 lines originated in tumors that were malignant in human patients. Cell lines from malignant tumors that have been added to the data Table 3 ) that examined the effect of retinoic acid agonists on gene expression in MCF7 cells.
Glycoprotein expression in breast cell lines of Yen et al. (2012) are Hs578 T (from ATCC, cultured in DMEM, 10% fetal bovine serum, 10 µg/mL insulin) and HCC70 (ATCC; RPMI 1640 plus 10% fetal bovine serum). The cell-line data were gathered in one to four biological replications. Protein concentrations in cell lysates were determined by Bradford assay. After washing with TBS containing 1% Tween 20, the blots were incubated with the appropriate secondary antibodies: Anti-rabbit-alkaline phosphatase (1:500), anti-chicken-alkaline phosphatase (1:1000) or anti-goat-alkaline phosphatase (1:500), respectively. Detection was achieved using the nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate, toluidine salt alkaline phosphatase substrate reaction.
Western blot analysis
Data analysis
The data analyzed are the number of identified peptide MS/MS spectra, or spectral counts. These are quantitative data that allow the relative abundances of a given glycoprotein or glycopeptide to be measured in samples from different cell lines (Old et al. 2005; Zhang et al. 2006; Zhu et al. 2010 ). The 462 glycoproteins in Supplementary data, Table SI , have at least 10 spectral counts from both glycopeptides and nonglycopeptides, summed over all 44 biological replicates. For the glycopeptide data (Supplementary data, Table SII) , there are at least 10 spectral counts summed over all glycosylation sites of a given glycoprotein, giving 313 glycoproteins. We have examined over 800 of the spectra and estimate that the chance of an error in assignment is <15%. With a threshold of at least 10 assigned spectra, the probability of false identification of a glycoprotein is close to zero. The t statistic used was the standard one for the difference between two sample means, unequal sample sizes, assuming the same population variance: and sizes for the malignant and nonmalignant cell lines. These statistics were calculated over all biological replicates, rather than over the averaged data (Supplemental data, Table SI ), so that the replicates have equal weight.
Supplementary data
Supplementary data for this article is available online at http:// glycob.oxfordjournals.org/.
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